Abstract Interferon-γ receptor 2 (IFN-γR2) deficiency is a rare primary immunodeficiency characterized by predisposition to infections with weakly virulent mycobacteria, such as environmental mycobacteria and BCG vaccines. We describe here two children with IFN-γR2 deficiency, from unrelated, consanguineous kindreds of Arab and Israeli descent. The first patient was a boy who died at the age of 4.5 years, from recurrent, disseminated disease caused by Mycobacterium simiae. His IFN-γR2 defect was autosomal recessive and complete. The second patient was a girl with multiple Rubén Martínez-Barricarte, Orli Megged, Polina Stepensky contributed equally to this work. Jean-Laurent Casanova and Jacinta Bustamante contributed equally to this work.
Introduction
Mendelian susceptibility to mycobacterial disease (MSMD) is a rare disorder predisposing otherwise healthy individuals to severe clinical disease upon infection with weakly virulent mycobacteria. These mycobacterial species include: Mycobacterium bovis Bacille Calmette-Guerin (BCG) vaccine substrains and non-tuberculous environmental mycobacteria (EM), such as M. fortuitum, M. chelonae, M. abscessus, M. avium complex, M. kansasii, M. marinarum, M. scrofulaceum, M. smegmatis, M. peregrinum, M. tilburgii and, more rarely, M. simiae [1] [2] [3] [4] . Affected individuals, usually young children, are also susceptible to Salmonella [4] [5] [6] [7] and to the more virulent mycobacterium M. tuberculosis, in endemic areas [1, 4, [7] [8] [9] . A high degree of consanguinity was observed in MSMD patients [2, 5] . The genetic dissection of MSMD has revealed germline mutations in nine genes (IFNGR1, IFNGR2, STAT1, IL12B, IL12RB1, IRF8, ISG15, NEMO and CYBB), the products of which are involved in IFN-γ-mediated immunity [5, 6, [10] [11] [12] [13] . GATA2 mutations also confer a predisposition to mycobacterial infection, but no patient with a strict MSMD phenotype and such a mutation has yet been reported [14, 15] . Mutations in the gene encoding the second chain of the interferon-γ receptor (IFNGR2) have been identified as one of the genetic causes of MSMD [16] [17] [18] . AR complete IFN-γR2 deficiency displays complete penetrance and the most severe phenotype of any IFN-γR2 deficiency, with frequent recurrences and high mortality [18] [19] [20] [21] [22] [23] . The partial form is generally less severe but it also displays complete clinical penetrance [18, 23, 24] . A heterozygous mutation in IFNGR2 caused autosomal dominant (AD) IFN-γR2 deficiencies through haploinsufficiency with incomplete penetrance [17] . A dominant-negative effect has been demonstrated in vitro for one mutation in a healthy individual [22] . In total, 12, 5 and 2 cases of AR complete, partial, and AD forms of MSMD, respectively, have been reported to date [17, [19] [20] [21] [22] [23] [24] [25] . We report here the cases of two unrelated children suffering from MSMD and M. simiae infection, caused by AR complete and partial IFN-γR2 deficiencies due to two previously unknown homozygous mutations, one resulting in a complete absence of detectable receptor expression and completely abolished signaling upon stimulation with IFN-γ, and the other involving residual receptor expression and reduced signaling. As in other cases of AR IFN-γ-R2 deficiency [18, 21, 24 ], both patients have high level of IFN-γ in plasma. (Fig. 1a) . The parents and siblings were all healthy. The mother had 13 siblings, eight of whom had died before 6 weeks of age of unknown cause. The other five siblings remain healthy. All the other members of the extended family are healthy and were vaccinated with BCG without complications. At the age of 13 months, P1 was admitted to the hospital with left lower lobe pneumonia and mild pleural effusion not responding to oral amoxicillin treatment. The patient recovered after treatment with ceftriaxone and azithromycin. At the age of 2 years, he was hospitalized for right middle and lower lobe pneumonia with pleural effusion. He recovered after drainage of the pleural effusion and treatment with cefuroxime. No pathogen was isolated from the pleural effusion or blood cultures. At the age of 2.5 years, P1 was admitted to the hospital for an episode of fever and abdominal pain. He underwent surgery, which revealed a mass of lymph nodes close to the ileo-cecal valve. These lymph nodes were cultured, yielding non-typhoidal Salmonella (group C) that was susceptible to ampicillin, erythromycin and ceftriaxone and M. simiae displaying a high level of resistance to all drugs other than cycloserine (CYC). Blood culture was also positive for M. simiae. P1 was treated with clarithromycin (CLR) for the Salmonella infection, and with rifabutin (RIF), ethambutol (EMB), CYC and CLR for the mycobacterial infection. His condition gradually improved over a 6 month period with negative blood cultures, the resolution of fever, weight gain and improvements in markers of inflammation, such as complete blood count (CBC), Creactive protein (CRP) concentration and erythrocyte sedimentation rate (ESR). P1, still on the same drug regimen, was re-admitted at the age of 3.5 years, due to right upper and middle lobe pneumonia and mild pleural effusion. An enlarged spleen and liver were noted on physical examination, together with an enlargement of abdominal lymph nodes. Blood and sputum cultures again yielded M. simiae. The treatment was replaced with CYC, CLR, moxifloxacin and high-dose trimethoprim-sulfamethoxazole, with no improvement. Immunological evaluation included testing for immunoglobulins (Ig) and subclasses of IgG, immunophenotyping and assessments of the T-cell response to mitogens, HIV and neutrophil function tests, to rule out chronic granulomatous disease. Negative results were obtained in all these tests. The patient died at home at the age of 4.5 years, and no information is available concerning the immediate cause of death.
Patient 2 (P2) (born in 2009): This female child was born from consanguineous parents of Palestinian descent. She was the fourth out of five children. The oldest had developed an undiagnosed recurrent infection that led to progressive respiratory failure at the age of 3 months, leading to his death. The rest of the siblings and parents are healthy and were vaccinated with BCG at the age of 1 month. At the age of 5 months, P2 was admitted to the hospital while suffering an episode of severe diarrhea and a hemoglobin (HgB) concentration of 5 g per 100 ml of blood. Upon physical examination, a significantly enlarged axillary lymph node was observed. Lymph node and bone marrow biopsy were both positive for M. bovis. Combined antimycobacterial treatment was started with Isoniazid (INH), RIF and EMB, and continued for 27 months until P2 presented with high fever, limping, excessive leukocytosis and an increase in acute-phase reactants (ESR and CRP). Extensive testing was carried out and a few lytic bone lesions and hyperechogenic liver lesions were observed. Bone biopsy culture was negative, but liver biopsy culture was positive for M. simiae resistant to INH, RIF and EMB. However, M. simiae was susceptible to CYC, and therefore, was immediately added to the antimycobacterial treatment. At 3 years of age, she presented with significant axillary lymphadenopathy, whose culture was positive for M. fortuitum. This new episode was treated by adding macrolide to the regimen, which achieved some lymph node improvement. At 5 years of age, the patient was taken to the local hospital due to focal seizure. Lumbar puncture (LP) did not detect any pleocytosis or increase in protein content. However, the computed tomography (CT) revealed the presence of a few brain abscesses. Biopsy of these abscesses was positive for M. simiae. A massive antimycobacterial treatment was implemented, but the patient's condition worsened and she lost her vision from one eye and developed hemiparesis. In addition, brain imaging showed a progression of the abscesses despite repeated surgical debridement. As a last effort, umbilical cord blood (UCB) transplantation was performed from an unrelated donor, which was shown to be successfully engrafted at day +17. However, the progression of the A complete absence of DNA binding was observed for the nonsense mutation. The frameshift insertion showed a partial DNA binding, which was comparable to a previously reported partial deficient mutation. The results shown are representative of five independent experiments mycobacterial brain abscess continued, and the patient's neurological status continued to deteriorate until her death on day +61 after transplantation.
The clinical presentation of these two cases led us to hypothesize that both patients suffered from MSMD. We carried out whole-exome sequencing (WES) on genomic DNA (gDNA) from P1 (kindred A, P1) [26] . Using this method and the human gene connectome [27] , we identified a homozygous nonsense mutation in IFNGR2. This mutation was located in exon 4 and replaced the C residue in position 537 with a G, leading to the insertion of a premature stop codon (Y179X) (Fig. 1b-c) . In the case of P2 (kindred B, P2), we performed whole-genome linkage analysis on the family, and IFNGR2 was found to be located within one of the linkage regions. Sanger sequencing revealed the insertion of a single nucleotide, a T residue in position 958, c.958insT, resulting in a frameshift leading to the production of a predicted protein of 382 amino acids, rather than the 337-amino acid wild-type protein (319Sfs382X) (Fig. 1b-c) . These mutations were not found in any of the public databases searched -dbSNP, the 1000 Genomes database (1092 subjects) or the NHLBI GO exome sequencing project database (6503 subjects) -or in our own exome database containing data for more than 1,800 patients with other diseases. The familial segregation pattern (Fig. 1b-c) showed that there were no other homozygous carriers of the mutations. We introduced a wild-type or each mutant IFNGR2 cDNA into a pcDNA3.1 (Invitrogen) vector containing a C-terminal V5-tag. Overexpression of these constructs in IFN-γR2-deficient SV40-immortalized fibroblasts (SV40-fibroblasts) showed that the Y179X mutation led to a complete lack of IFN-γR2 expression whereas the c.958insT variant resulted in residual expression (Fig. 1d) . Transfection efficiency was assessed by determining IFNGR2 mRNA levels by RT-qPCR (Supplemental Fig 1a) . We stimulated these SV40-fibroblasts transfected with each allele and an additional plasmid containing the already described mutant responsible for partial IFN-γR2 deficiency [18] with IFN-γ (10 4 IU/ml) for 20 min and GAF DNA-binding activity was then assessed by electophoretic mobility shift assay (EMSA), as previously described [18] . Cells transfected with the Y179X allele displayed a total abolition of GAF DNAbinding activity, whereas this activity was impaired but not abolished with the c.958insT variant, suggesting complete deficiency for Y179X and partial deficiency for c.958insT (Fig. 1e) . Overall, cytokine responsiveness via the JAK/ STAT pathway was confirmed by stimulation of the cells with Hyper-IL-6, a fusion protein of IL-6 and soluble IL-6R, and subsequent measurement of pSTAT3 [28] ( Supplementary  Fig. 1b) . The partial deficiency of P2 was confirmed by stimulating with IFN-γ SV40-fibroblasts from this patient and appropriate controls, including the partially IFN-γR2-deficient cells described in a previous study and a complete deficient c.278delAG [18] (Supplemental Fig. 2a) . The cytokine response through the JAK/STAT pathway was assessed by stimulating the cells with Hyper-IL-6 and measuring the phosphorylation of STAT3 by western blot (Supplementary Fig. 2b) . No biological material from P1 was available. As previously described for AR IFN-γR2 deficiency, the patients had high plasma concentrations of IFN-γ (Fig. 2) [21, 24] . As both patients died, we were unable to carry out functional assays on primary blood cells of these two patients.
Discussion MSMD is a rare, severe condition affecting about 1 in 100,000 individuals [2] . Over the last 20 years, 17 genetic etiologies involving nine different genes have been described, all impairing IFN-γ immunity. In the two unrelated cases described here, the patients presented infection with EM, including M. simiae. Infection with M. simiae is extremely rare and an emerging pathogenic species in the Middle East. Such infections have been reported in only a few patients with various immunodeficiencies, including HIV infection [4, [29] [30] [31] , in patients with chronic renal failure [31] and, even more exceptionally in immunocompetent individuals [32] . However, to the best of our knowledge, this infection has never before been reported in a context of IFN-γR2 deficiency. The patients reported here carry two different unreported homozygous mutations of the IFNGR2 gene, p.Y179X and c.958insT. These two mutations lead to impaired cellular responses to IFN-γ. These patients have high plasma IFN-γ concentrations, as reported in other cases of AR IFN-γR2 deficiency [16, 19, 22] . The severity of the two forms of AR IFN-γR2 deficiency is further illustrated by the deaths of the two patients described here from infectious complications, despite stem cell transplantation in P2. The development of molecular diagnostic tools potentially allowing physicians to offer preventive treatments to patients and genetic counseling to families suffering from this and other severe infections [33] is of considerable interest. For example, an early diagnosis of IFNGR2 mutation is a contraindication for BCG vaccination and may constitute an indication for hematopoietic stem cell transplantation (for complete defects) or IFN-γ treatment (for partial defects) [15] . The two cases described here provide support for the notion that IFNGR2 mutations or related genetic disorders should be considered in patients with M. simiae disease.
